Gargus M, Niu C, Vallone JG, Binkley J, Rubin DC, Shaker A. Human esophageal myofibroblasts secrete proinflammatory cytokines in response to acid and Toll-like receptor 4 ligands. Am J Physiol Gastrointest Liver Physiol 308: G904 -G923, 2015. First published April 16, 2015 doi:10.1152/ajpgi.00333.2014.-The pathophysiology of esophageal injury, repair, and inflammation in gastroesophageal reflux-disease (GERD) is complex. Whereas most studies have focused on the epithelial response to GERD injury, we are interested in the stromal response. We hypothesized that subepithelial esophageal myofibroblasts in GERD secrete proinflammatory cytokines in response to injurious agents encountered via epithelial barrier breaches or through dilated epithelial intercellular spaces. We determined the percentage of myofibroblasts [␣-smooth muscle actin (␣-SMA)ϩvimentinϩCD31Ϫ] in the subepithelial GERD and normal esophageal stroma by immunomorphologic analysis. We performed ␣-SMA coimmunostaining with IL-6 and p65. We established and characterized primary cultures of ␣-SMAϩvimentinϩCD31ϪCD45Ϫ human esophageal myofibroblasts (HuEso MFs). We modeled GERD by treatment with pH 4.5-acidified media and Toll-like receptor 4 (TLR4) ligands, LPS and high-mobility group box 1 protein (HMGB1), and determined myofibroblast cytokine secretion in response to GERD injury. We demonstrate that spindle-shaped cell myofibroblasts are located near the basement membrane of stratified squamous epithelium in normal esophagus. We identify an increase in subepithelial myofibroblasts and activation of proinflammatory pathways in patients with GERD. Primary cultures of stromal cells obtained from normal esophagus retain myofibroblast morphology and express the acid receptor transient receptor potential channel vanilloid subfamily 1 (TRPV1) and TLR4. HuEso MFs stimulated with acid and TLR4 agonists LPS and HMGB1 increase IL-6 and IL-8 secretion via TRPV1 and NF-B activation. Our work implicates a role for human subepithelial stromal cells in the pathogenesis of GERD-related esophageal injury. Findings of this study can be extended to the investigation of epithelial-stromal interactions in inflammatory esophageal mucosal disorders.
DESPITE THE PROFOUND MORBIDITY and mortality associated with esophageal disorders, the basic mechanisms underlying esophageal injury and repair have not been fully elucidated. Gastroesophageal-reflux disease (GERD) is one of the most common problems encountered in clinical practice and is a recognized cause of esophageal injury, ranging from nonerosive to erosive esophagitis, strictures, intestinal metaplasia (35) , and malignancy (1, 16) . The pathophysiology of GERD-mediated injury is complex and incompletely understood. The stratified squamous epithelium of the human esophagus normally provides robust protection against reflux and potential luminal pathogens (18) . In response to injury, damage to tight junctions, development of dilated intercellular spaces (DIS), and loss of squamous epithelium integrity are observed. Acid is one of the primary agents responsible for the initiation and perpetuation of esophageal injury in animal models (28) . The traditional model of caustic damage to the squamous epithelium incompletely encapsulates the mechanism of injury, however. Pathologic exposure of the squamous epithelium to gastric and duodenal contents, including pepsin, trypsin, and bile acids, is involved (29) . Clinical (25) and animal models (43) also suggest a more complex mechanism with an increasingly recognized role for inflammation in the perpetuation of injury (16) . In addition, a pathogenic role for microbes has been suggested (18, 48) . Esophageal biopsies from patients with GERD demonstrate an increase in inflammatory mediators IL-6, IL-8, and IL-1␤ (15) . Cellular sources of these cytokines include squamous epithelial cells, immune cells, and a heterogeneous population of ill-defined stromal cells (29) .
Rigorous evaluation of stromal cells in the GERD esophagus has been limited, in part, secondary to insufficient representation of the lamina propria in esophageal biopsies. There is a paucity of publications detailing the stromal response in GERD, although characterization of the stroma in Barrett's esophagus and esophageal adenocarcinoma (3) supports a potential role for the stroma beyond that of bystander. Because the esophageal stroma is incompletely characterized, and the capacity of stromal cells to respond to potential signals encountered in disease is undefined, mechanisms by which cellto-cell signaling occurs between the esophageal epithelium and amongst stromal cells are unclear.
In the lower gastrointestinal (GI) tract, the importance of the stroma in maintaining epithelial integrity is established and well accepted. Myofibroblasts are a subpopulation of stromal cells, best characterized in the lower GI tract, at the interface between the epithelium and the lamina propria (32) . They express ␣-smooth muscle actin (␣-SMA) and vimentin and express desmin inconsistently or weakly. They participate in GI tissue injury and repair, inflammation (38) , and carcinogenesis (40) , predominantly via paracrine mechanisms (30, 31) . Myofibroblast-derived mediators have known roles in limiting or promoting colitis and cancer (38, 40) . The importance of this population of stromal cells and epithelial-stromal interactions is underscored further by their role in regulating epithelial cell proliferation and in contributing to the stem cell niche (6, 38 -40, 46) . It is reasonable to suppose that such interactions also play a critical role in the esophagus.
The esophageal stroma can be exposed to injurious luminal agents via barrier breach or dilated intracellular spaces. Stromal cells can also be stimulated by epithelial cellular debris or cytokines secreted from the epithelium or surrounding immune cells (2) . We were interested in investigating the human esophageal stromal cell response in GERD. We have shown previously that ␣-SMA-and vimentin-expressing, myofibroblastlike cells in the murine esophagus secrete IL-6 in response to acid (36, 40) . For this study, we hypothesized that subepithelial stromal cells with a myofibroblast phenotype respond to injurious luminal agents implicated in GERD pathogenesis with secretion of inflammatory cytokines.
To address this hypothesis, we examined the stroma of normal esophagus and identified those stromal cells with a myofibroblast phenotype. We then reviewed esophageal biopsies with histologic evidence of GERD and with sufficient stroma to determine if there is an expansion in myofibroblasts compared with normal esophagus. We evaluated expression of proinflammatory cytokine IL-6 and activation of NF-B in these biopsies. An increase in IL-6 has been reported previously in GERD (15) , although the stromal contribution to its expression has not been investigated. We modeled GERD by treating cells with acid and Toll-like receptor 4 (TLR4) ligand LPS and determined myofibroblast cytokine secretion in response to this injury.
We observed vimentin-and ␣-SMA-expressing nonimmune, nonendothelial, spindle-shaped cells located near the stratified squamous epithelium of normal esophagus, suggesting a possible role for crosstalk between these two populations in homeostasis and disease. We observed an increase in spindleshaped ␣-SMAϩ nonendothelial cells in GERD biopsies. An increase in extracellular stromal IL-6 expression and NF-B activation in myofibroblasts in GERD implicated these cells in disease pathogenesis. To investigate further the role of these stromal cells in the pathogenesis of GERD, we established primary cultures of esophageal stromal cells using previously established techniques (8, 36) . Primary cultures of esophageal stromal cells have myofibroblast morphology and express receptors for injurious agents encountered in GERD: the putative acid receptor transient receptor potential channel vanilloid subfamily 1 (TRPV1) and TLR4. These cells respond to acid and TLR4 ligands via an NF-B-mediated mechanism with selective secretion of cytokines implicated in the pathogenesis of GERD-mediated injury. Our findings demonstrate a role for stromal cells in the pathogenesis of GERD and support further investigation of epithelial-stromal crosstalk in GERD.
METHODS

Esophageal Specimens
The protocol was approved by the Ethics Committee of Washington University School of Medicine in St. Louis and Keck School of Medicine of University of Southern California (USC). Sections of human esophagus (n ϭ 8) were obtained from discarded esophagus during lung transplants and used for immunohistochemistry and immunofluorescence and establishment of primary cultures. These full-thickness sections along with esophageal biopsies (n ϭ 2) without histopathologic evidence of GERD served as comparators to GERD biopsies.
De-identified, archived, formalin-fixed, paraffin-embedded generated slides of GERD biopsies were re-examined by a GI pathologist (exempt study HS-13-00648). Slide selection focused on histopathologic changes in squamous mucosa characteristic of GERD injury (n ϭ 5). Further tissue selection required representative subepithelial stroma to be present for immunohistochemical analysis. All biopsies met accepted histopathologic criteria of GERD (11, 33) , including varying degrees of basal intracellular edema; intraepithelial squamous infiltration by neutrophils, lymphocytes, and eosinophils; basal cell hyperplasia; and elongation of vascular papillae. Biopsies with intestinal metaplasia, consistent with Barrett's esophagus, were excluded.
Analysis of normal esophagus vs. GERD biopsies. To characterize stromal changes in GERD, we used immunostains to identify the different cellular proliferations occurring with this type of injury, focusing on stromal fibroblasts, myofibroblasts, and endothelial cells. We then compared the same immunohistochemical battery in the subepithelial stroma of normal esophagus without histopathologic features of GERD. At least three fields of vision along the subepithelial region of each normal, full-thickness esophagus (n ϭ 8) were viewed at 40ϫ oil, with the epithelial layer comprising 50% of the field of vision and the stroma the remaining 50%. The same protocol was then applied to examination of GERD biopsies (n ϭ 5). At this magnification, the stromal cells observed are those in the subepithelial region. This 50/50 distribution also standardizes the areas examined across all specimens and minimizes variability between biopsy samples. Immunofluorescent staining demonstrated fibroblasts (␣-SMA negative/vimentin positive), myofibroblasts (␣-SMA positive/vimentin positive and ␣-SMA positive/CD31 negative), and endothelial cells (␣-SMA positive/vimentin positive and ␣-SMA positive/CD31 positive).
For quantification purposes, a nuclear counterstain [4=,6=-diamidino-2-phenylindole (DAPI)] was used to identify and obtain the total number of stromal cells present. DAPI-stained cells were then evaluated with immunohistochemical staining for ␣-SMA, vimentin, and CD31 to confirm cell types (myofibroblasts, fibroblasts, and endothelial cells). The total number of myofibroblasts, fibroblasts, and endothelial cells was divided by the total number of DAPI-stained nuclei to determine percentages.
In normal esophagus, it was straightforward to distinguish endothelial cells from myofibroblasts based on the circular configuration of blood vessels. To determine the percentage of cells that were ␣-SMApositive/vimentin-positive myofibroblasts, therefore, DAPI-stained endothelial cells that were part of blood vessels were excluded initially in normal esophagus (n ϭ 8). As described above, endothelial cells were also ␣-SMA positive/vimentin positive. The stroma of GERD biopsies was more cellular, however, and distinguishing endothelial cells from myofibroblasts based on morphology proved difficult. Evaluation of ␣-SMA and vimentin immunostaining in stromal cells was repeated in normal (n ϭ 5) and GERD esophagus (n ϭ 5) without exclusion of any DAPI-stained cells. Immunostaining was then performed on these sections for ␣-SMA and CD31 to distinguish myofibroblasts (␣-SMAϩCD31Ϫ) from endothelial cells (␣-SMAϩCD31ϩ). Cell percentages were determined as described above. Immunostaining for IL-6 and p65 was also performed on normal and GERD esophagus (n ϭ 5 each).
Immunohistochemistry and Immunocytochemistry
Immunohistochemistry. Esophageal resections were processed for histology. Diva Decloacker reagent was used for antigen retrieval on formalin-fixed, paraffin-embedded tissues. ␣-SMA and vimentin were detected with polyclonal rabbit anti-␣-SMA (ab5694; Abcam, Cambridge, MA) 1:200 and anti-vimentin 1:200 (ab45939; Abcam), followed by goat anti-rabbit IgG, streptavidin-horseradish peroxidase (HRP), and diaminobenzidine.
Immunofluorescence. Immunofluorescence staining was performed on paraffin-embedded sections of human esophagectomy specimens, on normal and diseased esophageal biopsies, on primary cultures of untreated esophageal stromal cells (2 ϫ 10 4 ), and on esophageal myofibroblasts (5 ϫ 10 4 ) grown in chamber slides (Nalge Nunc 
Esophageal Stromal Cell Isolation and Cell Culture
Primary cultures of esophageal stromal cells were established from three freshly resected human esophagectomy specimens, as per Gargus et al. (8) , using a modification of a technique described previously for establishment of murine esophageal stromal cells (36) . Esophageal mucosa was separated from the muscle layers and adventitia by sharp dissection. Mucosa was cut into subcentimeter fragments and placed in HBSS (Sigma-Aldrich), transferred into fresh HBSS, and minced into 2-to 3-mm pieces. Tissue was washed eight times with HBSS, allowing time for esophageal fragments to sediment out between each wash. Tissue was incubated with 300 U/ml collagenase XI (SigmaAldrich) and 0.1 mg/ml dispase (GIBCO; Invitrogen, Carlsbad, CA) for up to 6 h with gentle shaking, further minced and centrifuged at 200 g for 10 min. Supernatant was discarded, and the pellet was transferred to a 5-ml tube and washed five times in DMEM (SigmaAldrich), supplemented with 2% sorbitol (Sigma-Aldrich) to eliminate nonviable cells and debris. Cells were seeded in six-well plates and cultured in DMEM with 10% FBS; 10 mg/ml insulin; and 10 g/ml gentamicin, 2 ng/ml EGF (Sigma-Aldrich), and 10 g/ml transferrin (Roche, Basel, Switzerland). This medium was used with murine esophageal myofibroblast-like stromal cells (36) and is called myofibroblast medium. For treatment studies, serum-free myofibroblast medium was used as serum interfered with cytokine analysis. Cells were grown at 37°C in a humidified 5% CO 2 incubator.
At 80% confluence, adherent cells were passaged to T25 flasks using 0.05% trypsin/EDTA (Corning cellgro; Corning Life Sciences, Mediatech, Manassas, VA). Epithelial cells do not survive under these culture or passage conditions (36) . Morphology was examined with an inverted microscope (Motic AE31), and images were digitally acquired using a Moticam 580 5.0 megapixel camera (Motic, HongKong, China). Primary cultures at passages 5-15 were characterized by immunocytochemistry and flow cytometry before functional analyses.
Het-1A, a simian virus-40-immortalized human esophageal epithelial cell line (CRL-2692), was purchased from American Type Culture Collection (ATCC; Manassas, VA) and grown in flasks; precoated with 0.01 mg/ml fibronectin, 0.03 mg/ml bovine collagen type 1, and 0.01 mg/ml BSA; and dissolved in culture medium (BEGM; kit catalog no. CC-3170; Lonza/Clonetics, Walkersville, MD). 18Co cells were purchased from ATCC. These cells are derived from neonatal human colon and exhibit characteristics of subepithelial myofibroblasts (12) .
Flow Cytometry
Antibodies to CD45 conjugated to FITC (11-0459-42) , CD31 conjugated to eFluor 450 (48-0319-41), CD324 conjugated to peridinin chlorophyll protein-eFluor 710 (46-3249-80) , and CD90 conjugated to allophycocyanin (17-0909-41) were purchased from eBioscience (San Diego, CA). Cells were blocked in BD PharMingen's (San Diego, CA) mouse Fc block for CD16/CD32 (2136662) before being stained in PBS supplemented with 2% FBS (Sigma-Aldrich) and 1 mM EDTA. Viability was assayed using Annexin V and 7-aminoactinomycin D (559763; BD PharMingen). Cells were analyzed using the LSRII flow cytometer (BD Biosciences, San Jose, CA). All data were evaluated with FlowJo software (Tree Star, Ashland, OR). At least 6 ϫ 10 4 esophageal stromal cells/sample were analyzed. An appropriate forward-scatter threshold was used to exclude debris. Commercially purchased peripheral blood mononuclear cells (HemaCare, Van Nuys, CA) were used as positive controls for CD31 and CD45 staining. The epithelial cell line Caco2 was used as a positive control for CD324 staining. Appropriate isotype controls were used to determine nonspecific antibody staining.
RNA Isolation and RT-PCR
RNA was harvested from primary cultures established from three different esophagi using the GeneElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich), per the manufacturer's recommendations, and further cleaned with DNA-free (Ambion, Austin, TX). RNA was isolated from the human esophageal epithelial line Het-1A and colon myofibroblast 18Co for comparison. cDNA was synthesized, and mRNA expression of the following genes was evaluated: ␣-SMA (5= CTG TTC CAG CCA TCC TTCAT 3=; 3= CCG TGA TCT CCT TCT GCA TT 5=), vimentin (5= TGT CCA AAT CGA TGT GGA TGT TTC 3=; 3= TTG TAC CAT TCT TCT GCC TCC TG 5=), E-cadherin (5= GAA GGT GAC AGA GCC TCT GGA T 3=; 3= GAT CGG TTA CCG TGA TCA AAA TC 5=), TLR2 (5= TGA TGC TGC CAT TCT CAT TC 3=; 3= CGC AGC TCT CAG ATT TAC CC 5=), TLR4 (5= CAG GGC TTT TCT GAG TCG TC 3=; 3= TGA GCA GTC GTG CTG GTA TC 5=), TRPV1 (5= GAC TTC AAG GCT GTC TTC ATC ATC C 3=; 3= GAC TTC AAG GCT GTC TTC ATC ATC C 5=), CD45 (5= CTGACATCATCACCTAGCAG 3=; 3= TGCTGTAGT-CAATCCAGTGG 5=), and cytokeratin (5= CCA TGA AGA GGT GAG CGG GGA TTG 3=; 3= CTG TGG GGA TGG GAA AGG AAG ATG T 5=). Human 18s (5= CCA TGA AGA GGT GAG CGG GGA TTG 3=; 3= ATT AAG TCC CTG CCC TTT GTA CAC 5=) was used as an endogenous control to normalize the samples using the ⌬⌬CT method of relative quantitation, where CT is the threshold cycle.
Treatment of Esophageal Stromal Cells with Acidified Media
Myofibroblast media were acidified with HCl, and pH 4.5 was used based on published literature (9, 17, 42) and our experience with murine myofibroblast-like stromal cells (36) . Cells were treated with pH 4.5 serum-free myofibroblast media for 5 min-1 h. Trypan blue exclusion method and poor replating of cells confirmed cytotoxicity and death in 30-and 60-min-treated cells. In response to 15 min of acidified media, there was a Ͻ10% increase in cell death for each recovery time point. Replated cells grew normally. Cytotoxicity was also assessed by lactate dehydrogenase (LDH) release in response to pH 4.5-acidified media for 15 and 30 min using an LDH cytotoxicity assay kit (Thermo Scientific, Rockford, IL) in accordance with the manufacturer's instructions. Cytotoxicity was not observed with 15 min of treatment with acidified media. Based on the above, cells were grown in 12-well plates until 80% confluent and treated with acidified media for 15 min, followed by replacement with fresh, serum-free media and collection of conditioned media at 3, 6, and 24 h for further analysis. In separate experiments, conditioned media were collected from acid-treated myofibroblasts in the presence of TRPV1 inhibitor AMG9810 (A2731; Sigma-Aldrich; 1-10 M) at 24 h.
Treatment of Esophageal Stromal Cells with TLR4 Ligands
Cells grown in 12-well plates (5.0 ϫ 10 4 cells/well) were treated with LPS (Sigma-Aldrich) 10 g/ml for 3, 6, and 24 h or with recombinant high-mobility group box 1 protein (HMGB1; R&D Systems, Minneapolis, MN) for 6 and 24 h. Conditioned media with appropriate controls were collected.
Luminex Multiplex Assay
Conditioned media of acid-and LPS-treated cells were submitted in triplicate for Luminex multiplex assay testing through the USC Beckman Center for Immune Monitoring Core Lab. Secreted cytokines and chemokines were analyzed with the Bio-Plex suspension array system (Bio-Rad Laboratories, Hercules, CA) using a Milliplex MAP human cytokine/chemokine 35-plex kit (EMD Millipore, Billerica, MA) for EGF, eotaxin, fractalkine, granulocyte colony-stimulating factor (CSF), granuloctye macrophage-CSF, growth-related oncogene (GRO) 
Immunoblot for TLR4 and TRPV1
Cell lysates were obtained from primary cultures of esophageal stromal cells, 18Co, HET-1A, HeLa, and Caco2, and protein was quantified by Bradford assay. An equivalent quantity (40 g) of protein from each cell type was loaded, subjected to 4 -20% SDS-PAGE gel, transferred to polyvinylidene difluoride membrane, blocked with 5% milk or BSA, and incubated overnight with 
ELISA Cytokine Assay
Conditioned media from treated cells were collected for evaluation of the IL-6, IL-1␤, and IL-8 at 3, 6, and 24 h using ELISA, according to the manufacturer's instructions. Cytokine levels in each sample were determined based on a standard curve generated by recombinant proteins provided with the kits. Results were expressed as the means Ϯ SE in picograms/milliliter.
Evaluation of the NF-B Pathway
Conditioned media were collected from LPS-or acid-treated cells in the presence of Bay 11-7082 (1-20 M) at 6 and 24 h for IL-6 ELISA. For protein studies, cells were harvested at 30 min, 1 h, and 3 h, and immunoblot was performed as described above. Inhibitor of NF-B␣ (IB␣) was detected by incubating membranes overnight with IB␣ (1:1,000; Cell Signaling Technology, Danvers, MA), followed by donkey anti-mouse and/or donkey anti-rabbit IgG-HRP (Santa Cruz Biotechnology) for 1 h at room temperature. Immunoreactive bands were detected by enhanced chemiluminescent substrates (Santa Cruz Biotechnology). Membranes were stripped and reprobed with tubulin (Sigma-Aldrich) as the loading control. IB␣ images were quantified using Image Studio Lite Software (LI-COR, Lincoln, NE) and normalized to tubulin-loading control.
Immunofluorescence staining for p65 was performed on acid-and LPS-treated esophageal myofibroblasts (5 ϫ 10 4 ) grown in chamber slides (Nalge Nunc International). Rabbit polyclonal to p65 (BioLegend) 1:250 was applied overnight, followed by goat anti-rabbit Cy2 (111-225-144; Jackson ImmunoResearch) at 1:1,000. Nuclei were visualized by counterstaining with DAPI (blue). Cells were mounted with Fluoroshield (F6057; Sigma-Aldrich) and examined with a fluorescence microscope (TE 300 Nikon Eclipse; Nikon Instruments).
Statistics
All experiments were performed in triplicate and data presented as means Ϯ SE. Data were analyzed using Student's two-tailed type 2 t-test (Excel; Microsoft, Redmond, WA) or ANOVA, followed by Bonferroni's multiple comparisons test as appropriate (Prism; GraphPad Software, La Jolla, CA).
RESULTS
Human Esophagus Contains Stromal Cells with Myofibroblast-Like Characteristics
Examination of hematoxylin and eosin (H&E) sections of normal esophagus demonstrated normal epithelium and a stroma characterized by a heterogenous population of spindleshaped cells and blood vessels subjacent to the epithelial basement membrane (Fig. 1, A and B) . Immunostaining demonstrated expression of ␣-SMA ( 
An Increase in Esophageal Myofibroblasts in GERD Biopsies
We then aimed to investigate the stromal cell population in GERD esophagus. Our investigation was somewhat limited by the lack of standardization among esophageal biopsies acquired in GERD and by the predominance of samples that lack representative amounts of stroma in archived samples. Full-thickness esophageal specimens that are typically available by resections for malignancy are not typically available in GERD. To circumvent this limitation, we focused our investigation on reviewing biopsies that had representative stroma amenable to examination with H&E and immunostaining.
Three fields of vision at 40ϫ magnification were evaluated for each normal esophagus. The number of DAPI-stained nuclei in the subepithelial region was counted and summed. There was little variability across each field of vision analyzed for normal esophagus. The average number of total DAPIstained nuclei counted for each normal esophagus was 301 (n ϭ 5; range 221-403). When blood vessels were excluded, the average number of total DAPI-stained nuclei was 174 (n ϭ 8; range 153-192).
Compared with normal esophagus (Fig. 3, A and B) , the stroma in diseased esophagus (Fig. 3, C and D) appeared more cellular. Because there was less available stroma in GERD biopsies vs. normal, full-thickness esophagus, all fields of vision that had stroma in GERD biopsies were analyzed (minimum of three and maximum of seven). In GERD biopsies, all DAPI-stained nuclei were counted, and blood vessels were not excluded. The average number of total DAPI-stained nuclei counted for GERD esophagus (n ϭ 5) was 454 (range 313-519).
Each DAPI-stained nuclei in normal and GERD esophagus was evaluated individually for expression of ␣-SMA and vimentin. When all cells in the lamina propria were evaluated, a similar percentage of ␣-SMA-and vimentin-coexpressing cells was observed in normal vs. GERD esophagus [n ϭ 5 each, 44 vs. 41%, P ϭ not significant (NS)]. The remaining stromal cells (55-59%) were vimentin-positive fibroblasts. Of note, when blood was excluded from quantification in normal samples, the percentage of ␣-SMA-and vimentin-coexpressing stromal cells decreased to 22%. The remaining stromal cells (75%) were vimentin-positive fibroblasts. In both iterations, a few cells expressed neither marker, and all ␣-SMA-positive cells were vimentin positive.
Whereas spindle-shaped cell myofibroblasts were clearly distinct from endothelial cells in normal esophageal specimens, sectioning and biopsy orientation in GERD biopsies made it difficult to ascertain definitively whether the observed ␣-SMAϩvimentinϩ cells were endothelial cells or myofibroblasts. The similar percentage of ␣-SMAϩvimentinϩ cells in normal vs. GERD esophagus suggested an inability to distinguish myofibroblasts from endothelial cells using this combination of markers.
To determine whether the ␣-SMAϩvimentinϩ cells were myofibroblasts or endothelial cells, we performed immunostaining for ␣-SMA and CD31. Each DAPI-stained nuclei was evaluated for expression of ␣-SMA and CD31. In the normal esophageal stroma, ␣-SMAϩCD31ϩ endothelial cells were readily identified (Fig. 4, A and B) . We occasionally observed ␣-SMAϩCD31Ϫ myofibroblasts adjacent to the squamous epithelium. In GERD biopsies (Fig. 4, C and D) , there appeared to be a greater population of ␣-SMAϩCD31Ϫ myofibroblasts compared with normal specimens. The number of ␣-SMAϩCD31Ϫ myofibroblasts and ␣-SMAϩCD31ϩ endothelial cells was determined and normalized to the total 
Activation of Inflammatory Pathways in GERD Myofibroblasts
An increase in IL-6 expression has been reported previously in mucosal biopsies from GERD patients (15) , although the cellular compartment responsible for this increase has not been identified. We evaluated IL-6 expression by immmunostaining of normal and GERD esophagus. In normal esophagus, IL-6 costaining was detected consistently in ␣-SMAϩ blood-vessel walls (Fig. 5A) . Spindleshaped ␣-SMAϩ myofibroblasts (Fig. 5A ) did not express IL-6. In GERD biopsies, IL-6 was again detected in bloodvessel walls (Fig. 5B) . Extracellular IL-6 was detected near ␣-SMAϩ spindle-shaped cell myofibroblasts (Fig. 5B) , ␣-SMAϩ endothelial cells organized in a circular configuration (Fig. 5B) , and ␣-SMA-negative fibroblasts (Fig. 5B) . The faint ECM expression of IL-6 is consistent with its classification as a secreted cytokine.
IL-6 is an NF-B transcription target, and in the setting of NF-B activation, the p65 member of this complex translocates to the nucleus. In normal esophagus, cytoplasmic and nuclear p65 expression was observed in endothelial cells (Fig. 5C) . In GERD biopsies, nuclear expression of p65 was observed in single, subepithelial, spindle-shaped, ␣-SMApositive cells that were clearly not part of blood vessels (Fig. 5, D and E) . Nuclear expression of p65 was also observed in scattered endothelial cells (Fig. 5, D and E) .
Establishment and Characterization of Primary Cultures of Human Esophageal Stromal Cells
We aimed to investigate further the role of esophageal stromal cells by establishing and characterizing primary cultures and investigating their functional properties in response to GERD injury. Stromal cell cultures were prepared as per methods. Examination of primary cultures with an inverted microscope within 24 h of plating demonstrated a suspension of partially floating cells, loosely adherent to the plate bottom (Fig. 6A) . The suspension of heterogeneous cells flattens out within 24 -48 h of plating and adheres to the plate bottom, followed by an outgrowth of adherent cells with spindleshaped morphology (Fig. 6B) . Adherent esophageal stromal cells retained spindle-shaped morphology at low (Fig. 6C) and high (Fig. 6D) confluence.
␣-SMA and vimentin mRNA was detected readily across all esophageal primary stromal cultures, as well as in colonic myofibroblast 18Co cells (Fig. 7) . The relative mRNA expression of vimentin was greatest, followed by expression of ␣-SMA across all cultures. mRNA expression of epithelial markers E-cadherin and cytokeratin was negligible in esophageal stromal cells. mRNA expression of hematopoietic and endothelial markers CD45 and CD31 was also undetectable.
Immunofluorescent staining for intracellular cytoskeletal proteins demonstrated that esophageal stromal cells in primary culture express ␣-SMA and vimentin (Fig. 8) and lacked expression of cytokeratin (data not shown). Flow cytometric analysis of cell-surface markers demonstrated that human esophageal stromal cells expressed stromal cell marker CD90. Esophageal stromal cells did not express hematopoietic, endothelial, or epithelial cell-surface markers CD45, CD31, or CD324 (E-cadherin), respectively (Fig.  9 ). These observations suggested that human esophageal stromal cells in primary culture exhibit a myofibroblast phenotype and will henceforth be referred to as esophageal myofibroblasts or as human esophageal myofibroblast (HuEso MF)1, MF2, and MF3, reflecting unique patient origins.
HuEso MFs Increase in IL-6 and IL-8 Secretion in Response to Acid
Given our interest in GERD, we were interested in the myofibroblast cytokine secretory response to acid. We first conducted pilot studies to determine the duration of acid treatment. Treatment of esophageal myofibroblasts with pH 4.5-acidified media for 15 min did not result in cytotoxicity at 3, 6, or 24 h. Treatment with pH 4.5-acidified media for 30 min, however, did result in a slight increase in cytotoxicity at 3 and 6 h (P Ͻ 0.05 compared with no treatment) and a three-fold increase in toxicity at 24 h compared with no treatment (P Ͻ 0.05; Fig. 10A ). Acid studies, therefore, were limited to 15 min of treatment.
To focus our investigation on the most abundantly secreted cytokines in response to acid, we began with a preliminary Hu35-plex cytokine/chemokine screen. Esophageal myofibroblasts demonstrated a profound increase in secretion of IL-6 and IL-8. ELISA then performed on conditioned media demonstrated that esophageal myofibroblast secretion of IL-6 and IL-8 was enhanced in response to acidified media. Although absolute values of cytokine secretion differed across primary cultures, an increase in IL-6 secretion in response to treatment with acid was observed consistently across all cultures at 3, 6, and 24 h after treatment (Fig. 10B) . Secretion of IL-8 increased after 6 and 24 h (Fig. 10C) . IL-1␤ secretion was not detected by ELISA, consistent with the results of the screen.
HuEso MF-Like Stromal Cells Express TRPV1
The effects of acid on cells have long been considered to be a consequence of caustic injury or a nonspecific danger signal and survival response. TRPV1 is a nonselective ion channel activated by a variety of mediators, including hydrogen ions released from tissues during inflammation (44) or from gastric reflux (5). Expression of this receptor has been reported in human esophageal mucosal biopsies (10) and the human esophageal epithelial cell line Het-1A (22).
We evaluated TRPV1 mRNA expression by quantitative RT-PCR (qRT-PCR) and observed that HuEso MFs express TRPV1 mRNA. mRNA expression of TRPV1 was greatest in Het-1A cells, followed by expression in esophageal myofibroblasts, and least in the colon myofibroblast line 18Co (Fig. 11A) . Immunoblot demonstrated expression of a 97-kDa band in esophageal myofibroblasts (Fig. 11B) , consistent with the size of TRPV1 reported in Het-1A cells (17, 22) . TRPV1 protein could not be detected in 18Co cells by immunoblot. Immunostaining demonstrated predominantly cell-surface and cytoplasmic TRPV1 expression in esophageal myofibroblasts (Fig. 11C3 ) with some nuclear speckling in a pattern similar to that observed in Het-1A (Fig. 11 , C1 and C2). Faint but detectable expression of TRPV1 was observed in 18Co cells when evaluated by immunocytochemistry, however. This discrepancy is likely a consequence of the limitations of the application of the available TRPV1 antibody in the detection of TRPV1 by immunoblot. The mRNA and protein detection of this putative acid receptor suggested a potential role for this receptor in signaling. To determine whether cytokine secretion that we observed in response to acid was mediated via TRPV1 activation, we treated cells with acidified media in the presence of a TRPV1 inhibitor AMG9810 (Fig. 11D) . Based on the findings of a pilot study conducted to determine nontoxic concentrations of AMG9810 that would inhibit TRPV1 activation, we cultured HuEso MFs with 1-10 M of AMG9810. At 1.0 M AMG9810, an increase in constitutive and acid-stimulated IL-6 secretion was observed. Between 2.5 and 7.5 M AMG9810, constitutive secretion of IL-6 remained unaffected, whereas stimulated secretion was progressively suppressed. Maximal suppression of acidstimulated IL-6 secretion occurred with 7.5 M AMG9810 (P Ͻ 0.001). At Ͼ7.5 M AMG9810, constitutive and stimulated IL-6 secretion is inhibited.
Esophageal Myofibroblasts Express Functional TLR4
A potential role of TLRs and TLR signaling has been described recently in the esophageal epithelium (18, 19) . We were curious whether HuEso MFs expressed TLRs and eval- uated TLR4 and TLR2 mRNA expression by qRT-PCR. Although TLR2 and TLR4 mRNA were detected, TLR4 mRNA was expressed at least 30-fold more abundantly than TLR2 in all cultures (Fig. 12A ). mRNA expression of TLR4 was similar across all esophageal myofibroblasts. Immunoblot demonstrated a protein band at 94 kDa, consistent with the reported size of TLR4 in all esophageal primary cultures (Fig. 12B) . A protein band of similar size was observed in 18Co colon myofibroblasts, HeLa cervical epithelial cells, and Caco2 colon epithelial cells (Fig. 12B) , as reported previously (13, 47) . TLR4 expression was detected in the membrane and cytoplasm of esophageal myofibroblasts (Fig. 12C) , consistent with the pattern observed in human aortic valve interstitial cells (23) and similar to TLR4 expression in 18Co colon myofibroblasts. Negligible TLR4 protein was detected by immunocytochemistry in Het-1A cells.
Esophageal Myofibroblasts Increase IL-6 and IL-8 Secretion in Response to TLR4 Ligands
To determine if TLR4 was functional in esophageal myofibroblasts, we treated esophageal myofibroblasts with the TLR4 ligand bacterial LPS and determined cytokine and chemokine secretion. Hu35-plex cytokine/chemokine screen demonstrated an increase in secretion of IL-8, MCP-1, IL-6, GRO, and IP-10 in response to LPS (data not shown). Hu35-plex findings were first confirmed with ELISAs for IL-8, MCP-1, and IL-6. We observed an increase in esophageal myofibroblast secretion of IL-8 that was most profound at 24 h (Fig. 12D) and a nearly five-fold increase in MCP-1 secretion at 24 h (not shown). To model inflammatory stress further, HuEso MFs were also treated with another TLR4 ligand, HMGB1. We observed a several-fold increase in IL-6 at 6 and 24 h in response to LPS and HMGB1 (Fig. 12E) .
HuEso MFs Increase Cytokine Secretion in Response to Treatment with Acid and TLR4 Ligands via an NF-BDependent Mechanism
Activation of the NF-B pathway in esophageal epithelium and impairment of barrier function have been demonstrated in murine models of GERD (7), and implicated cytokines IL-6 and IL-8 are NF-B target genes (7, 27) . Given an increase in IL-6 and IL-8 secretion in response to acid and TLR4 ligands, we suspected activation of NF-B in acid-and TLR4 ligandtreated HuEso MFs. Under resting conditions, p65 is one of the cytoplasmic components of the NF-B complex, bound to the IB protein family. With activation of the pathway, IB phosphorylation results in release of the NF-B complex, followed by nuclear translocation and transcription of NF-B target genes (49) . We first observed nuclear p65 expression, 10 min after acid treatment was complete. Nuclear translocation of p65 was most profound in esophageal myofibroblasts, 30 min after acid treatment (Fig. 13B) . Three hours after acid treatment, p65 was, once again, cytoplasmic.
Nuclear translocation of p65 in esophageal myofibroblasts was also evaluated in LPS treatment. Nuclear translocation of p65 persists for the duration of the treatment with LPS and appears maximal at 30 min into treatment (Fig. 13C) . We further evaluated activation of the NF-B pathway in LPS-treated cells by immunoblot for IB␣ expression. We observed a decrease in IB␣ expression at 30 min, 1 h, and 3 h (Fig. 13D) , which was confirmed with relative quantification of band densitometry normalized to tubulin.
To confirm further the contribution of the NF-B pathway in cytokine secretion in acid-and LPS-treated myofibroblasts, cytokine secretion was evaluated in the presence of the NF-B inhibitor Bay 11-7082, which prevents phosphorylation and degradation of IB␣ (7, 49) . A dose-response study was performed to determine the optimal concentration of this NF-B inhibitor in acid-treated cells at the 6-h recovery time point. In the presence of increasing concentrations of Bay 11-7082, stimulated secretion of IL-6 decreased progressively. At concentrations Ͼ5 M, however, constitutive secretion of IL-6 (treated with nonacidified media) was also decreased. Maximal suppression of IL-6 secretion in response to acidified media was achieved in the presence of 5 M Bay 11-7082 (Fig. 14A) .
We also investigated the contribution of the NF-B pathway in mediating esophageal myofibroblast IL-6 secretion in response to TLR4 ligands. Based on our observation that 5 M Bay 11-7082 achieved inhibition of acid-stimulated IL-6 secretion without affecting constitutive secretion, we treated esophageal myofibroblasts with the TLR4 ligand in the presence of 5 M Bay 11-7082. We observed that IL-6 secretion of IL-6 in response to LPS was suppressed in the presence of Bay 11-7082 at 24 h (Fig. 14B) .
DISCUSSION
Mechanisms mediating esophageal injury, repair, and inflammation are complex and incompletely understood (2). We can postulate that luminal agents gain access to the mesen- chyme through DIS or directly through a barrier breach. DIS, observed in patients with nonerosive and erosive GERD, allow for the infiltration/penetration of deeper epithelial layers and stromal cells with luminal agents (45) . Acid-mediated epithelial cell necrosis (28, 29) and immune and epithelial cellderived cytokines contribute to mucosal injury (43) . Cellular debris (20) and the microbial contents of the esophagus (48) may further promote the inflammatory response. Investigation of the sources and effect of inflammatory mediators have been limited predominantly to study of epithelial cells. Although esophageal mesenchymal cells have been reported as sources of inflammatory cytokines (34) , studies of the normal human esophageal lamina propria are frequently descriptive (2) . Mechanistic studies frequently use fibroblast lines (26) , and the use of well-characterized primary cultures that more accurately reflect the in vivo environment is limited. Our aims were to characterize the stromal cell population in the normal human esophagus and to begin to define the stroma in GERD. We began our approach by examination of the stroma in normal esophagus and in GERD biopsies. We performed immunostaining for myofibroblast markers and for activation of inflammatory pathways implicated in GERD injury. We then used well-characterized primary cultures of esophageal stromal cells treated with injurious agents encountered in GERD to establish an in vitro model of GERD injury and examined stromal cell cytokine secretion.
We have demonstrated that the human esophageal stroma contains a small percentage of spindle-shaped, subepithelial myofibroblasts that increase in GERD. In addition, we observed an increase in stromal expression of IL-6, an NF-B transcription target and cytokine implicated in GERD pathogenesis. Activation of the NF-B pathway in esophageal myofibroblasts suggests that these cells may be contributing to the cytokine milieu observed in GERD. Overall, these observations support a role for myofibroblasts in injury, repair, and inflammation in the esophagus.
To investigate further the role of these cells, we established primary cultures of esophageal stromal cells. These cells have myofibroblast morphology and gene expression, lack endothelial and immune-cell markers, and express CD90, consistent with a myofibroblast phenotype (32) . Myofibroblasts are potentially involved in numerous signaling pathways relevant to esophageal epithelial injury, repair, and inflammation. For this paper, we focused on their role in inflammation. We have shown that esophageal myofibroblasts respond to acid and TLR4 ligands with secretion of IL-6 and IL-8. The esophageal myofibroblast response to acid appears to be, at least partially, via the putative acid receptor TRPV1, as inhibition of this receptor markedly suppressed IL-6 secretion. Furthermore, pharmacological inhibition of the NF-B pathway markedly suppressed acid and TLR4 ligand-stimulated IL-6 secretion, suggesting at least partial involvement of this pathway in mediating myofibroblast cytokine secretion. Our work suggests that HuEso MFs in GERD are not mere bystanders but rather, active participants in inflammation via selective secretion of cytokines in response to epithelial or luminal sources of stimulation.
Delineation of the role of stromal cells, such as esophageal myofibroblasts, is critical, as much of the study of esophageal disorders has been limited to the epithelium. We focused on IL-6 secretion, given its increased expression in mucosal biopsies from patients with GERD-related esophagitis (15, 27) and in stimulated esophageal epithelial cell lines (18) . Our observations that esophageal myofibroblasts secrete IL-6 and the chemoattractants IL-8 and MCP-1 are in line with our hypothesis that these cells contribute to the cytokine milieu. Treatment of cells for 30 min resulted in a slight but significant increase of LDH activity at 3 and 6 h and a 3-fold increase in cytotoxicity at 24 h. *P Ͻ 0.05 compared with spontaneous LDH release. B: esophageal myofibroblasts treated with acidified media for 15 min increase IL-6 secretion at 3, 6, and 24 h. *P Ͻ 0.01 compared with recovery time in untreated cells. C: esophageal myofibroblasts treated with acidified media increase secretion of IL-8 at 6 and 24 h. *P Ͻ 0.05 compared with recovery time in untreated cells.
Esophageal biopsies in GERD are often limited to the epithelium with at best little stromal component. Therefore, studies reporting an increase in cytokine expression in GERD biopsies have often overlooked the stromal contribution. Whereas structural alterations, such as an increased shedding of microvesicles from the surface of stromal cells, have been described in the stroma of Barrett's esophagus along the metaplasia-dysplasia-adenocarcinoma sequence (3), this level of scrutiny has not been achieved in GERD esophagitis, the condition that precedes the development of Barrett's. Whether
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Het1A MF the observed increase in myofibroblasts is a consequence of an increase in proliferation of existing cells or a consequence of infiltration of bone marrow-derived cells was not investigated in this study. Although the role of bone marrow-derived cells in GERD has not been formally investigated, a possible contribution to epithelial and stromal components has been suggested in complications of long-standing GERD, such as Barrett's esophagus and esophageal adenocarcinoma (14) . An improved understanding of the stroma before the development of preneoplastic or neoplastic states, i.e., an understanding of stroma in normal and GERD esophagus, would allow for timely prevention and perhaps more targeted therapy of more advanced pathology. This study adds to the existing relative paucity of literature on esophageal mesenchymal cells (9, 34) in several ways. To begin to determine mechanisms by which these cells contribute to injury, repair, and inflammation, we attempted to model the GERD environment by treating esophageal myofibroblasts with potentially encountered, injurious agents. Our work delineates two possible mechanisms by which myofibroblasts contribute to esophageal inflammatory disorders. Our findings suggest that esophageal myofibroblasts can respond to luminaland epithelial-derived noxious stimuli via putative acid receptors and TLR4 and that on an intracellular level, secretion of cytokines in response to both stimuli is mediated, at least partially, via the NF-B pathway.
The effects of acid on esophageal tissue are reportedly mediated potentially via a TRPV1 (5), which is a member of the transient receptor potential family of ion channels that includes seven subfamilies that participate in cellular activation and signaling. TRPV1 expression has not been reported previously in esophageal stromal cells or myofibroblasts. We have begun to address the definitive role of the TRPV1 receptor in regulating the response to acid in esophageal myofibroblasts by using the selective TRPV1 inhibitor AMG9810. Interestingly, there have been recent publications detailing the interaction of TRPV1 with the EGF receptor (4) . Although the delineation of this interaction in our cells is beyond the scope of this study, it is plausible that this interaction may partially account for the increase in constitutive IL-6 secretion observed at lower concentrations (1 M) of AMG9810.
Our findings also describe a novel role for TLRs in esophageal myofibroblasts, in addition to their described role in the epithelium (18) . As the conduit from the oropharynx to the distal GI tract, the esophagus is exposed to oropharyngeal and food-borne pathogens (18) . In the setting of injury, there is also potential release of necrotic cell debris, which can be engaged by TLR4. We have demonstrated that esophageal myofibroblasts express pattern receptors for and respond to microbial components with cytokine secretion. It has been postulated that by favoring an inflammatory environment, acid reflux might shift the esophageal flora from a type 1 to type 2 flora that consists of gram-negative bacteria (48) . We can postulate that esophageal myofibroblasts have the potential to engage with altered flora via TLR4.
We have also demonstrated that esophageal myofibroblasts augment IL-6 secretion in response to the TLR4 ligand HMGB1, a chromatin protein that serves as an alarmin when released from necrotic cells (20) . It can be envisaged that in the setting of erosive disease, myofibroblasts engage bacterial components or necrotic cell debris (20) or potentially other endogenous TLR4 ligands, such as heat-shock proteins, hyaluronic acid, and ␤-defensin 2 (21). Our work suggests that esophageal myofibroblasts are potential sensors of danger signals.
Activation of the NF-B pathway and upregulation of proinflammatory genes in acid-treated esophageal epithelial cells have been reported previously (1) . Reports of activation of this pathway in the stromal compartment are more limited. Activation of the NF-B pathway in human esophageal fibroblasts in response to direct treatment with acid and to conditioned media of acid-treated human esophageal squamous epithelium has been described previously (9) . Our study demonstrates similar activation of the NF-B in esophageal myofibroblasts in response to acid and TLR4 ligands. Of note, stromal cell generation and characterization in this prior study differed from the present study. In addition, consequences of cytokine secretion from esophageal stromal cells in the setting of NF-B inhibition have not been studied previously. We have demonstrated that the NF-B-mediated increase in esophageal myofibroblast cytokine secretion in response to acid and TLR4 ligands is suppressed with inhibition of this pathway. The present study does not exclude the role of other potentially involved pathways, such as STAT1 or p38 MAPK.
Immunostaining for IL-6 and p65 in GERD biopsies supports the contention that esophageal myofibroblasts are one of the stromal constituents that contribute to the inflammatory cytokine milieu in GERD. Endothelial cells and fibroblasts are other likely contributors, as demonstrated by our observation of IL-6 and nuclear p65 in these cells. Although these stromal constituents were not the focus of our current work, their contribution to pathogenesis certainly merits investigation in A band of similar size is observed in Het-1A cells. TRPV1 expression was not detected by immunoblot in 18Co cells. ␤-Actin was used as the loading control. C1-C3: immunostaining was performed for TRPV1, and images were examined with confocal microscopy. DAPI ϩ FITC green TRPV1 images (top) and FITC green alone (bottom) are shown. C1: TRPV1 expression, reported previously in epithelial Het-1A, is demonstrated in the cuboidal cytoplasm of these cells. C2: cytoplasmic expression of TRPV1 (FITC, green) is observed in esophageal MFs. C3: TRPV1 expression in 18Co is faint compared with Het-1A and esophageal MF. The speckled nuclear staining is observed in all examined cells and is considered an artifact (magnification, 400ϫ oil). D: after a pilot study was performed to determine nontoxic concentrations of TRPV1 antagonist AMG9810, HuEso MFs were treated with 1-10 M AMG9810. At 1.0 M AMG9810, an increase in constitutive and acid-stimulated IL-6 secretion is observed. At 2.5, 5, and 7.5 M AMG9810, constitutive secretion of IL-6 remains unaffected, and acid-stimulated IL-6 secretion is suppressed progressively. Maximal suppression of acid-stimulated IL-6 secretion occurs at 7.5 M AMG9810. At doses of AMG9810 Ͼ7.5 M, constitutive and stimulated IL-6 secretion is suppressed. IL-6 secretion was determined in the presence of AMG9810 in acid-and no acid-treated cells.
ٙ P Ͻ 0.001 in the acid vs. no acid treatment for each dose of AMG9810; *P Ͻ 0.001 compared with IL-6 secretion in the no acid, no Bay 11-7082 control; #P Ͻ 0.001 compared with acid-treated cell without Bay 11-7082. Results represent the means Ϯ SE of 3 individual experiments in primary cultures derived from 3 normal human esophagi. P values were determined with ANOVA, followed by Bonferroni's multiple comparisons test.
future studies that more fully recapitulate the complexity of the esophageal mucosa. Our work is an important first step in investigating the importance and contribution of these cells to inflammatory esophageal disorders.
Our study has some limitations. The majority of normal samples used in this study was full-thickness specimens, whereas GERD samples were derived from biopsies. As such, we may have unintentionally masked potential differences in the stroma of these two groups and skewed the results toward acceptance of the null hypothesis (no difference between normal and GERD stroma). We minimized this limitation by limiting examination of the stroma to the subepithelial region in normal and GERD esophagus. The lack of a difference in quantification of ␣-SMA-positive-, vimentin-positive-express- ing cells is likely a consequence of difficulties differentiating blood vessels from myofibroblasts and prompted CD31 immunostaining. We were only then able to observe a difference in the ␣-SMAϩCD31Ϫ myofibroblast population in normal vs. GERD esophagus.
Another limitation is the small sample size for GERD specimens and the lack of injury stratification between samples. Our work was not meant to be a full histopathologic study, however, but rather, a first step in recognizing the contribution of the stroma in GERD. Differences in biopsy technique between archived GERD specimens made it difficult to perform quantitation of stromal cellularity rigorously. There is remarkably little published information on what happens to the lamina propria in nonmalignant esophageal disorders. We were, however, able to appreciate a subjective increase in stromal cellularity in GERD vs. normal esophagus. Our experience in reviewing GERD biopsies certainly suggests an increase in stromal cellularity in GERD, and our study has taken the next step of defining and characterizing these stromal cells.
Our work also adds to the existing literature of studies using esophageal stromal cell cultures. Previous studies established cultures using normal-appearing tissue adjacent to diseased esophagus (9) . The microenvironment of such tissue may not reflect normal esophagus. Prior studies do not indicate whether the muscularis propria (9) was stripped before subjection of remaining tissue to mechanical and enzymatic digestion, and the reported enzymes (34) did not include both collagenase and dispase, as outlined in our protocol. Such differences could result in isolation of different populations of mesenchymal cells. mRNA, protein, and cell-surface marker characterization of the human esophageal primary stromal cell cultures used in these studies demonstrates their similarity to myofibroblasts in the lower GI tract.
Finally, primary cultures have inherent limitations, including source-derived variability that is best offset by the use of multiple cultures, as we have done in this study. Well-characterized primary cultures derived from three normal esophagi were used to study the mechanisms of acid and TLR4 stimulation. It is possible that our protocol isolated predominantly vimentin-expressing fibroblasts that became activated and thereby demonstrated ␣-SMA expression in culture. This possibility would explain the low percentage of ␣-SMA-positive, vimentin-positive cells in vivo and the uniform coexpression of these markers in our primary cultures. Such activation is inherent to the isolation procedure, however, and is unavoidable, as even low-passage cells expressed both ␣-SMA and vimentin. Another possibility is that these cells are pericytes or are derived from muscularis mucosa, although the absence of hematopoietic markers and coexpression of ␣-SMA and vimentin differentiate myofibroblasts from the former and latter cells, respectively (24) . Future studies will investigate the potential origin of esophageal myofibroblasts in the normal and GERD esophagus.
In conclusion, esophageal myofibroblasts appear to be increased in the subepithelial stroma in GERD. Our work suggests that these cells can respond to injurious agents encountered in GERD via TRPV1 and TLR4 and that they contribute to the cytokine milieu via NF-B-mediated proinflammatory cytokine secretion. The secretory capacity of HuEso MFs and their physical proximity to the basal layer of the squamous epithelium suggest a role in paracrine signaling. They may function primarily as immune-cell modulators and are likely under-recognized participants in the immune-mediated injury responses of the human esophagus. The interaction of esophageal myofibroblasts with surrounding cells and the epithelium, therefore, merits future investigation. Our work contributes to the foundation of knowledge in the study of epithelialmesenchymal interactions and the development of targeted therapeutics in esophageal disorders. 
